Abstract This note introduces the types of models used in functional morphological research in order to clarify certain semantic issues and to present some examples of the use of extant model species to contribute to our understanding of bipedal locomotion. The existing models fall into two broad categories: "abstraction models" are simplifications/ abstractions of living organisms, whereas "comparative models" are extant organisms used as models or analogues for other organisms (e.g. extinct species). In a palaeoanthropological context, comparative models may be selected for their close (but always imperfect) resemblance to the organism of interest, but some atypical model species can also produce insights not despite their imperfect resemblance, but because of it. We present three examples of our own work on comparative primate models during studies of terrestrial bipedal locomotion in bonobos (Pan paniscus), olive baboons (Papio anubis), and white-handed gibbons (Hylobates lar), showing how they each provide insights into the evolution of human bipedal locomotion.
Introduction
Among living primates, habitual bipedal locomotion is unique to humans, and is used as a defining characteristic for hominins (e.g. [1] ). This locomotor mode has been associated with a range of anatomical features (e.g. [2] ) but is also considered to be crucial in the cognitive development of hominins [3, 4] . Therefore, and unsurprisingly, bipedal locomotion has been studied intensively.
Bipedal locomotion in modern humans (Homo sapiens) can be studied relatively easily, thanks to the availability of gait laboratories equipped with a suite of tools for studying kinematics (e.g. marker-based 3D systems), kinetics (e.g. force plates and pressure pads), and control (e.g. electromyography). Such studies provide insights into proximate aspects of gait, i.e., how does a gait work? However, gaining such proximate insights into the gait of extinct species is not possible in a direct way: what we can do, and therefore what we can learn, is greatly limited by our incomplete understanding of the hominin timeline, and by difficulties in interpreting fossils (i.e. skeletal remains and fossilised footprints), which are very incomplete representations of the organism they belonged to. Furthermore, we are not only interested in proximate understanding, but also in ultimate [5] causes: how and why did habitual bipedalism evolve?
Answering this question is by no means simple, because our image of the hominin timeline is evolving and becoming more complex as new fossils are discovered. It can be assumed that with new discoveries, and especially with genetic and biogeographical advances, our insight into which species were ancestral to us, and what they looked like, will continue to grow but, most probably, will always remain incomplete.
Recent findings show that inferring functional correlates about a species' lifestyle may be even more complex than initially thought. Two examples that illustrate this are, on the one hand, the presence of "derived" features suggesting bipedalism in a Miocene ape, Oreopithecus ( [6] , but see [7] ), and on the other hand, the possible presence of "primitive" features relatively recently (3.4 mya, [8] ; 2-6-2.0 mya, [9] ) and even currently, e.g. a "midfoot" break in the human foot (e.g. [10, 11] ).
Recent paleontological discoveries (e.g. well preserved and fairly complete skeletons) demonstrate the bushy nature and wide variation in locomotor anatomy during hominin evolution. Even though our human bipedalism is unique among extant primates, a variety of bipedal modes that differed from ours, but were also successful, have probably existed (e.g. [8, [12] [13] [14] ). Therefore, focusing exclusively on modern humans as having the sole solution to habitual bipedal locomotion seems too restrictive.
Due to the large number of new fossil discoveries, often with a puzzling anatomy, it has become even more important to try to fully understand form-function relationships. As stated previously, this cannot be done directly in the case of early bipedal locomotion, and therefore has to be done indirectly, by using models.
The aim of this note is to outline the types of models that exist in the field of functional morphology, in an attempt to clarify existing semantic confusion, and to present a few examples of how model studies are advancing our understanding of bipedal locomotion.
Concepts
Usage of the term «model» in a functional anatomical context falls into two broad categories that we can term "abstraction models" and "comparative models".
In the first category, the model is an abstraction and a simplification of the living organism. This type of model can take different forms [15] , from the purely conceptual (e.g. the inverted pendulum paradigm for walking), to the mathematical (e.g. a software implementation of the inverted pendulum) and the physical (e.g. McGeer's passive dynamic walkers [16] ). This type of model should, by definition, be relatively simple -if not, we run the risk of not understanding its fundamentals any more easily than when we use the real animal. If successful, the model will produce insights into basic principles.
In the second category -comparative models -living organisms are used as models/analogues for other living organisms. There are two main reasons for using this approach: either because the species of interest is an extant species that cannot be studied for ethical or practical reasons (which is the case in biomedical research, hence the use of rodents, for example), or because the species of interest is extinct. The latter is the case in palaeoanthropological research.
One issue with this type of model is that it does not simplify biological reality and therefore remains complex to study and understand. The solution, in an attempt to find general insights, is to use multiple models and to infer general "rules" by finding common denominators between the species studied.
It should be stressed that the two types of models outlined here are not mutually exclusive (they have their respective strengths and weaknesses) and can be combined in multidisciplinary work. For instance, abstraction models (e.g. simple robots) can be used to test ideas gathered from the use of comparative models, but a biological model can also stimulate progress in the design of abstraction models, e.g. in bioinspired robotics (Fig. 1) .
The use of comparative models in palaeoanthropological research is the focus of the present conceptual note, as it presents specific challenges. Whereas many ecological morphological studies use very large data sets (many species, many individuals and relatively low-tech data such as basic morphometrics) and can thus unleash the full potential of the comparative approach by using phylogeny-aware analysis methods (e.g. [17, 18] palaeoanthropological research is more limited. In most cases, the number of species and individuals is low: the fossil record is still very limited, and extant study species are often primates that cannot be studied in very large numbers. In the latter case, achieving the goals of the comparative method can only be a long and gradual process, and will involve meta-analyses of multiple studies on different species.
Given these practical issues, a very relevant question is 'which species should be selected as comparative models?'
In the literature, a substantial body of work has focused on determining the "best" model to use for increasing our understanding of the evolution of bipedalism. Typically, in this quest, various arguments are put forward for the "best stand-in" for a fossil species. These arguments can be phylogenetic, in which case apes of the Pan genus, chimpanzees and bonobos, are considered to be the best because they are most closely related to hominins (e.g. [19, 20] ). The arguments can also be morphological (e.g. bonobos are better "Australopithecus" models than chimpanzees, [21] , but see also [22] ), behavioural (orang-utan-like orthograde Fig. 1 Conceptual diagram. Engineers (top row) start from hardware and control algorithms they understand well (man-made, A, B), and the challenge is to make something truly functional out of these parts (C). This process is the challenge (thus far, machines underperform compared to animals except for very specific tasks) and is still a "black box" to a large extent. Biomechanists (bottom row) have the opposite problem. They start from systems that work very well (living organisms, F) and they want to understand the "hardware and algorithms" (i.e. morphology and control, D-E) that make it all work. This is also difficult, and also largely a "black box". In both approaches, the "black box" is in fact the same, and tackling it from both sides will open it most easily. These two examples relate to abstraction models and comparative models, respectively. scrambling as a model for early hominin locomotion [23] ) or related to the palaeo-environment [24] .
Each of these models has been (and continues to be) highly instructive in its own right, but they are not perfect "stand-ins" as none of the extant taxa closely resembles the last common ancestor of living apes and humans (e.g. [25] ). With the continuing discovery of new fossils, it is not even clear which species these models should try to approach. A good example is the case of Australopithecus afarensis, which was long regarded as the focal species in the evolution of human bipedalism. However, with recent findings and evidence of bipedal adaptations in older hominins such as Sahelanthropus tchadensis [26] , Orrorin tugenensis [27] and Ardipithecus ramidus [28, 29] , this view of Australopithecus afarensis, while still a very interesting species, has become more nuanced.
Regardless of the (widely acknowledged) "imperfections" of the models, they have enabled specific hypotheses to be tested in many cases and have thus brought new insights into the evolution of bipedalism and the selective pressures involved. One example is that in terms of energy, there is no advantage in bipedalism over quadrupedalism in chimpanzees [30, 31] . Even if early hominins were not exactly chimpanzee-like, this result is useful when evaluating the energy-saving hypothesis of hominin bipedalism [32] .
We suggest that, since no single comparative model can be a "perfect stand-in", the selection of the study species should not merely attempt to mimic the species of interest (even if known), but should also be based on factors other than physical or behavioural resemblance.
In this context, we suggest that there is great promise for a group of models that does exactly the opposite of the "standin" type, namely, models that are atypical and can teach us a lot -not despite their imperfect resemblance, but because of it. Obviously, one expects baboons to be good quadrupeds, or gibbons to be good brachiators, because they display numerous relevant adaptations. But why is it, against all odds from a mechanistic point of view, that gibbons display good terrestrial bipedal locomotion and quadrupeds such as baboons can be adept bipeds?
Such models can be seen as test cases (and useful outgroups, e.g. [33] ), and by understanding exceptions to the rules, we may understand the rules better, much as clinical studies of diseases (even the rarest ones) can push our understanding of the healthy body forward.
We will now present a few examples of different models, from our own work and from the literature, in which these two types of comparative models have been used, and show how they have advanced our understanding of the evolution of human locomotion.
Cases Bipedal baboons
Baboons are described as highly specialized anatomically to terrestrial quadrupedal locomotion (e.g. [34] ). Terrestrial bipedal behaviour represents a very small component of their locomotor and positional repertoire both in the wild ( [35, 36] ) and in captivity [37] compared to African hominoids (e.g. [38] ). However, experiments with an ontogenetic sample of untrained olive baboons (Papio anubis) have demonstrated that with regard to joint angles, baboons walk bipedally in a constant and well-coordinated manner, with flexed hips and knees and a slightly bent trunk [39] , as do other non-human primates (see below), albeit with some peculiarities in the type of foot contact to the ground and in forelimb posture and motion [40] . Recent experiments, including muscle activation of the hind limbs as well as kinetics measurements, corroborate these conclusions [41] . Terrestrial bipedal walking in olive baboons must therefore be seen as a locomotor mode in itself and not as a random pattern, even though these primates are adapted to a different mode of locomotion. Similar conclusions based on different experiments (for example the mechanics of the gibbon's foot) can be drawn for other anthropoids adapted to different locomotor modes (see below). This allows us to suggest that the same may hold true for the last common ancestor of humans and African hominoids as well as for the very early hominins, in which terrestrial bipedalism should be seen as an efficient mode of locomotion even though there are few derived traits in their anatomy but many others that would be better suited to arboreal habits [12, 27] .
Terrestrial gibbons
Ground reaction forces, plantar pressure data and detailed foot kinematics were collected (spatially and temporally) during terrestrial bipedal walking of white-handed gibbons (Hylobates lar). By combining this quantitative information with morphological data, we calculated instantaneous external joint moments and forces at the highly mobile metatarso-phalangeal, tarso-metatarsal and talo-crural joints [42] . This produced new insights into the propulsion-generating capacities of the internal foot joints. Despite its high compliance, the gibbon foot clearly generates propulsion in bipedal locomotion via stretching and recoil of the plantar flexor tendons and plantar ligaments. Hence, the "rigid" arched foot of modern humans (but see earlier) does not seem to be an exclusive prerequisite for more efficient bipedal locomotion through energy saving mechanisms, a finding that may shed a new light on the walking efficiency of our early ancestors [42] .
Terrestrial bonobos
Spatio-temporal gait characteristics and planar segmental kinematics of quadrupedal and bipedal locomotion over a range of speeds were studied in bonobos (Pan paniscus) in order to highlight differences and/or similarities in motor behaviour [43, 44] . It appears that, when normalized for size and although they are different in magnitude, quadrupedal and bipedal strides, step lengths and stride frequencies each relate in an identical exponential way to speed in both locomotor modes. This strongly suggests that modulation of walking speed is controlled independently of pedality (i.e., quadrupedal or bipedal) [43] . Moreover, kinematic patterns throughout the stride of the hind limb joints (hind limbs are also the main propulsive limbs in the quadrupedal mode) are very similar for quadrupedal and bipedal walking. The only difference is that the hip oscillates around a larger average value when walking is bipedal, which is related to the more upright posture of the trunk in the latter mode [44] . Together, these findings strongly suggest that acquisition of a bipedal locomotor mode through a 'quadrupedal bauplan' does not necessarily require large adaptations in coordination and control [45] . From an evolutionary perspective, this tends to support hypotheses suggesting that optional bipedal, or at least orthograde, locomotor behaviour may well have preceded obvious morphological human-like adaptations (e.g. [46] ).
Conclusion
In conclusion, different types of models obviously serve different purposes, but it is clear that functional studies on carefully selected extant species, in a comparative context, can greatly improve our understanding of form-function relationships -not only in these species themselves, but also in extinct species. Finally and more broadly, this is also true for any of the main human functions.
